Statistical modeling and optimization of cellulase production by Bacillus licheniformis NCIM 5556 isolated from the hot spring, Maharashtra, India  by Shajahan, S. et al.
Journal of King Saud University – Science (2016) xxx, xxx–xxxKing Saud University
Journal of King Saud University –
Science
www.ksu.edu.sa
www.sciencedirect.comStatistical modeling and optimization of cellulase
production by Bacillus licheniformis NCIM 5556
isolated from the hot spring, Maharashtra, India* Corresponding author.
E-mail address: gselvakumar75@gmail.com (G. Selvakumar).
Peer review under responsibility of King Saud University.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.jksus.2016.08.001
1018-3647  2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Please cite this article in press as: Shajahan, S. et al., Statistical modeling and optimization of cellulase production by Bacillus licheniformis NCIM 5556 isolat
the hot spring, Maharashtra, India. Journal of King Saud University – Science (2016), http://dx.doi.org/10.1016/j.jksus.2016.08.001S. Shajahan a,b, I. Ganesh Moorthy c, N. Sivakumar d, G. Selvakumar e,*aDepartment of Microbiology, Manonmaniam Sundaranar University, Abisekapatti, Tirunelveli 627012, Tamil Nadu, India
bTATA Chemicals Ltd, Innovation Centre, Survey No. 315, Hissa No. 1-14, Ambedveth, Mulshi, Pune 412111, Maharashtra, India
cDepartment of Biotechnology, Kamaraj College of Engineering and Technology, Virudunagar 626001, Tamil Nadu, India
dDepartment of Molecular Microbiology, School of Biotechnology, Madurai Kamaraj University, Madurai 625 021, Tamil
Nadu, India
eDepartment of Microbiology, DDE, Alagappa University, Karaikudi 630003, Tamil Nadu, IndiaReceived 16 February 2016; accepted 3 August 2016KEYWORDS
Bacillus licheniformis NCIM
5556;
Cellulase;
Optimization;
Response surface methodol-
ogy;
Hot springsAbstract Cellulase shows great interest in the ﬁeld of organic acids, and biotechnology industries.
Cellulase-producing thermophilic bacteria was isolated from West Coast hot spring (Rajapur, Rat-
nagiri District of Maharashtra (Lat. 163804200N; long. 733105300E) and identiﬁed as Bacillus licheni-
formis. Out of seven variables in the cellulase production medium, four variables such as carboxy
methyl cellulose (CMC), calcium chloride, Tween-20, and temperature were screened through
Plackett–Burman design and further optimized through response surface methodology (RSM)
for higher cellulase production. The optimal conditions were found to be CMC, 19.21 g/L, CaCl2-
6H2O, 25.06 mg/L, Tween-20, 2.96 mL/L and temperature 43.35 C. The high cellulase production
42.99 IU/mL was achieved in a 7 L scale bio fermenter using optimal conditions. A 3 fold increase
in cellulase production was achieved by RSM model. These methods have proven suitable to opti-
mize cellulase production by a thermophilic Bacillus.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Cellulose from agriculture and forestry has potential as cheap
and renewable feed stock which is abundantly available in nat-
ure and produced annually 1.3 billion tons. Cellulase (E.C.
3.2.1.4) is one of the enzymes responsible to break down the
lignocellulosic materials into simple sugars. It has remarkable
applications in areas such as alternate energy, textile,ed from
2 S. Shajahan et al.detergent, cattle feed, pharmaceutical industry, food, nutrition
and agriculture industry (Bhat, 2000). Although standard
chemical process of breaking down cellulose into simple sugars
is easy, the enzymatic process is pollution-free, economical and
cost effective (Ding et al., 2008). Because of these above men-
tioned reasons, most of the industries have increased their
demand for less expensive cellulase with value added applica-
tion. This gives a new horizon to ﬁnd cost effective cellulase
producing microorganisms.
Geothermal sources provide stable hot environment which
are the preferred conditions for thermophiles (Brock, 1986).
Many hot springs have been identiﬁed in the Indian subcon-
tinents by our Geologists, however their microbial diversity
has not been explored yet (Majumdar et al., 2000; Gupta
et al., 1975). Compositions and properties of hot spring water
may vary in terms of organic and inorganic chemical ele-
ments, pH and contain sufﬁcient levels of nutrients which
may provide favoured condition for microbial biodiversity
(Khalil, 2011). It is reported that Unhale hot spring is rich
in bicarbonate, heavy metal ions and water temperature is
about 42–45 C and pH is between 8 and 8.5 (Razdan
et al., 2008).
Some of the microorganism inhabitants of these hot
springs grow and produce enzymes under extreme conditions
which can provide high thermal stability. Bacillus species have
attracted industrial attention because of different reasons:
high biomass development rate that reduces fermentation
time, secretes their enzymes extracellularly which is cost effec-
tive for enzyme separation (Schallmey et al., 2004). Bacillus
cellulases are able to degrade synthetic CMC, but very rarely
degrade crystalline cellulose (Balasubramanian and Simoes,
2014). In addition Bacillus licheniformis has been scarcely
studied on its potential to produce cellulases. Various param-
eters like media components (carbon, nitrogen, mineral
sources, medium additives and presence of inducers) and
physical parameters (pH, aeration, temperature) can be con-
trolled to improve enzyme productivity and yield. These
factors are really important and highly inﬂuential in the
enzyme production cost which are commonly considered as
the major bottleneck of the biotechnological processes (Lynd
et al., 2002). For screening of physical and chemical parame-
ters, one variable at a time approach (OVAT) is generally used
by researchers to optimize the best parameters and the speciﬁc
effects of variables. However, it will take more time to carry
out many experimental trials and hence the interaction
between variables becomes difﬁcult to evaluate and often ﬁnd-
ing the optimum response results unsuccessful (Moorthy and
Baskar, 2013; Brijwani et al., 2010). To overcome these prob-
lem factorials cum statistics-based investigational methods
have been intended and used to produce fast and reliable out-
puts. Hence two level factorial model is more informative and
practically approachable so that the interaction among the
factors can be analyzed with ease. Plackett–Burman design
(PBD) is a factorial based statistical technique used to evalu-
ate the signiﬁcance of the critical variables, (Balusu et al.,
2005) while response surface methodology (RSM) used to
evaluate the interactions of the independent process variables.
The aim of this study is to enhance production of an indige-
nous and inexpensive cellulase from a thermophilic Bacillus
species isolated from Unhale hot spring region of Maharash-
tra, India.Please cite this article in press as: Shajahan, S. et al., Statistical modeling and optimiz
the hot spring, Maharashtra, India. Journal of King Saud University – Science (2012. Materials and methods
2.1. Chemicals and materials
Media components used were of high purity and purchased
from HiMedia Laboratories private limited, Mumbai. Other
chemicals and reagents were of analytical grade obtained from
SD ﬁne chemicals, Mumbai. All the chemicals, reagents and
media were used without any pre-treatment. Sugar cane
bagasse was obtained from Sant Tukaram Sugar Factory,
Pune, MH, and India. Rice straw and corn cob were obtained
from local formers. Sugar cane bagasse, rice straw and corn
cob were sized to 1–5 mm. Bagasse, rice straw and corn cob
were pre-treated with 1% alkaline (NaOH) solution at
121 C for one hour and used 1:10 ratio of substrate to alkali.
After pre-treatment, the solids were ﬁltered using Whatman
Filter paper No. 1, dried and used for further study. All exper-
iments were carried out in 250 mL Erlenmeyer ﬂasks with a
working volume of 100 mL medium with of 5% inoculum were
used.
2.2. Isolation and identification of cellulase producing
microorganism
Bacterial culture was isolated from ﬁve different water and soil
samples from Unhale Hot Spring, Rajapur (Western Coastal
area) Ratnagiri District, Maharashtra, India (Lat.
163804200N; long. 733105300E) using Basic Liquid Media
(BLM) (consisted (g/L) of KH2PO4, 1.36; (NH4)2SO4, 1.0;
MgSO47H2O, 0.2; FeSO4, 0.01; NaCl, 2.0; yeast extract, 1.0.
Cellulase producing bacterial culture was screened by the
clearance test using Congo red staining method. The colony
showing the largest zone of clearance was selected for molecu-
lar characterization by 16S rDNA sequencing (Relevant meth-
ods have been provided in supplementary information) and
biochemical tests have been carried out based on the method
described in Bergy’s manual of Determinative Bacteriology
(1974). Isolated culture was maintained on BLM with agar,
supplemented with 0.5% carboxy methyl cellulose (CMC)
slant at 4 C and grown at 37 C. The fermentation medium
(BLM supplemented with 0.5% CMC) was inoculated with
10% v/v of the culture and incubated in an orbital incubator
shaker at 37 C at 120 rpm for 72 h. The fermented medium
was then centrifuged at 12,000 rpm for 10 min at 4 C to
remove the cell and debris. The clear supernatant thus
obtained after centrifugation served as crude enzyme source.
2.3. Total cellulase assay and protein quantification
Total cellulase activity was measured by the DNS method
(Miller, 1959). Brieﬂy, 0.5 mL of cell free culture supernatant
was incubated with 20 mg of Whatman No. 1 ﬁlter paper
(Whatman Inc., Florham Park, NJ, USA) and 1 mL of
0.05 M Sodium citrate buffer (pH 4.8) at 50 C for 60 min.
After incubation 3 mL of DNS was added and kept in a boil-
ing water bath for 5 min. The reducing sugar released was
measured at 540 nm in an UV–Vis spectrophotometer (Shi-
madzu) taking glucose as standard. One international unit
(IU) of cellulase activity was expressed as the quantity of
enzyme, which is required to release 1 lmol of glucose peration of cellulase production by Bacillus licheniformis NCIM 5556 isolated from
6), http://dx.doi.org/10.1016/j.jksus.2016.08.001
Statistical modelling and optimization of cellulase production 3minute under standard assay conditions (Ghose, 1987). Protein
concentration was determined according to the method
described by Bradford (1976).
2.4. One-variable-at-a-time approach
According to one-variable-at-a-time (OVAT) approach, BLM
medium components were changed in this study to enhance the
cellulase activity. Various substrates, namely, pre-treated
bagasse, corn cob, rice straw, ﬁlter paper and CMC at 0.5%
(w/v), were used separately as supplements in the media to
enhance the growth of bacteria and the production of cellulase
(Table S1 in supplementary information). Bagasse, corn cob
and rice straw were sized to 5–10 mm size, before using them
as supplements for the fermentation medium. Different sub-
strates along with the media (BLM) were prepared, inoculated
with the strain (10%v/v) and incubated on shaker at 150 rpm
at 37 C. The cell free supernatant was used for the analysis of
cellulase activity. The substrate produced higher cellulase
enzyme activity was considered as suitable substrate for further
studies. In order to study the enhancement in the production
of cellulase, ﬁve different nitrogen sources, namely, yeast
extract, peptone, soybean meal extract, tryptone and urea at
0.1% (w/v) were used with appropriate substrate. The medium
without nitrogen source was used as a control. To check the
enhancement or inhibition of cellulase production, seven dif-
ferent metal ions in the form of salts, namely FeSO47H2O,
NiSO47H2O, CaCl26H2O, MnCl24H2O, and CuSO45H2O,
0.001% (w/v) were used with appropriate chosen substrate
and nitrogen source. Five surfactants – Polyethylene glycol
(PEG), Sodium dodecyl sulphate (SDS), Triton X100,
Tween-20, and Tween-80 at 0.2% (v/v) were used with appro-
priate selected substrate, nitrogen source, and metal ions. Sim-
ilarly to study the effect of pH, temperature, and inoculum size
on cellulase production, the medium was varied with different
pH (4.5, 5.5, 6.5, 7.5, 8.5 and 9.5), temperature (32 C, 37 C,
42 C, 47 C and 52 C) and inoculum size (1%, 2%, 3%, 4%
and 5% v/v).
All the experiments were performed in triplicate and the
average values of cellulase activity were used for further
studies.
2.5. Plackett–Burman design
Plackett–Burman design (PBD) is a successful tool to examine
the major inﬂuencing parameters among the large number of
variables for the processes. To identify the most important
variables that encourage higher cellulase production, a total
of seven variables, including four media components (CMC
(X1), yeast extract (X2), CaCl26H2O (X3) and Tween-20
(X4)) and three cultivation parameters (pH (X5), temperature
(X6) and inoculum size (X7)) were studied carefully. The ranges
of each variable are shown in Table 1. In this PBD study, 12
experiments were carried out to identify the highly inﬂuenced
variables for cellulase production, and each experimental run
performed in triplicate and the average values were used for
further analysis. The experimental data were ﬁtted in the fol-
lowing linear regression equation (1).
Y ¼ b0 þ
Xn
i¼1
biXi ð1ÞPlease cite this article in press as: Shajahan, S. et al., Statistical modeling and optimiz
the hot spring, Maharashtra, India. Journal of King Saud University – Science (201where Y represents response for cellulase enzyme activity (IU/
mL), b0 is the model intercept, bi is the linear coefﬁcient, and
Xi is the level of the independent variable. Signiﬁcant variables
can be measured by probability p-value. If p-value is less than
0.05 for the particular variable, then that variable is said to be
statistically signiﬁcant. Minitab 15 Statistical Software (Mini-
tab, Inc., State College, PA) was used for the statistical analy-
sis of experimental data.
2.6. Response surface methodology
Once the signiﬁcant variables identiﬁed by PBD, Face centred
central composite design (FCCCD) was used to evaluate the
optimal level of each variable. FCCCD approach was used
to analyze the main, quadratic, and interaction effects of the
variables. Based on the PBD, four major variables have been
selected for further optimization study, and the levels of each
variable are given in Table 3. A total number of 30 experimen-
tal runs were carried out according to the FCCCD scheme.
The following second order non-linear polynomial equation
(2) was used to ﬁt the data.
Y ¼ b0 þ
Xn
i¼1
biXi þ
Xn
i¼1
biiX
2
i þ
Xn1
i¼1
Xn
j¼iþ1
bijXiXj þ e ð2Þ
where Y is the cellulase activity (response); Xi and Xj are
denoted as the independent variables; b0 is the model constant;
bi, bii, bij denoted as the linear, square and the interaction
effect respectively. e symbolized the random error in the above
equation. Design Expert 8.0, Stat-Ease, Inc., Minneapolis,
MN, was used for the statistical analysis of the experimental
data and its response surface graph.
2.7. Validation of the predicted model
Batch fermentation studies were performed at the predicted
conditions by RSM design in a 7 L fermenter with a working
volume of 5 L. The samples were withdrawn at every 6 h up
to 84 h for the determination of cellulase activity and cell
growth.
3. Results and discussion
3.1. Screening of cellulase producers
Among sixty-eight bacterial strains obtained from Unhale hot
spring water and sediment samples, thirty-one morphologi-
cally distinct strains were revealed to be positive in zone of
clearance test. The higher zone of clearance produced strain
was selected and screened for higher cellulase enzyme produc-
tion (Fig. S1 in supplementary information). Similar screening
method was reported by Prasad et al. (2013). Morphology,
biochemical and physiological characters were determined
for the highest cellulase producing isolate. The isolate was
observed under microscope and was found to be rod shape,
motile and Gram-Positive bacteria. The bacteria exhibited pos-
itive results for catalase, urease, oxidase, spore former and they
hydrolyzed citrate, gelatin, starch, and they utilized different
substrates such as glucose, fructose, sucrose, arabinose, man-
nose, glycerol and inulin. The 16S rRNA gene was ampliﬁed
from genomic DNA (Fig. S2-a1), puriﬁed (Fig. S2-b1),ation of cellulase production by Bacillus licheniformis NCIM 5556 isolated from
6), http://dx.doi.org/10.1016/j.jksus.2016.08.001
Table 1 Chemical and physical parameters with their different variables applied in Plackett–Burman design for cellulase enzyme
production using Bacillus licheniformis NCIM5556.
Variables Unit Symbols Coded values
1 Level +1 Level
CMC g/L X1 5 20
Yeast extract g/L X2 1 5
CaCl262O mg/L X3 20 50
Tween-20 mL/L X4 1 3
pH – X5 5 7
Temperature C X6 37 47
Inoculum size % v/v X7 2 5
Run no. Variables Cellulase activity (IU/mL) Residual value
X1 X2 X3 X4 X5 X6 X7 Observed Predicted
1 1 1 +1 +1 +1 +1 1 12.73 12.66 0.07
2 1 1 1 1 1 1 1 8.07 7.99 0.08
3 +1 +1 +1 1 +1 +1 1 24.14 23.90 0.24
4 1 +1 1 1 1 +2 +1 11.56 11.35 0.22
5 +1 1 1 1 +1 +2 +1 16.32 16.69 0.37
6 1 +1 +1 1 +1 1 1 12.18 12.42 0.24
7 +1 +1 1 +1 +1 1 +1 12.89 12.68 0.21
8 +1 1 +1 +1 1 +1 1 25.41 25.36 0.05
9 +1 1 +1 1 1 1 +1 17.89 17.91 0.07
10 1 1 +1 +1 +1 1 +1 11.19 11.10 0.09
11 1 +1 +1 +1 1 +1 +1 17.02 17.24 -0.21
12 +1 +1 1 +1 1 1 1 15.25 15.46 0.21
Table 2 Statistically derived effects and coefﬁcients by Plackett–Burman design for cellulase enzyme production by Bacillus
licheniformis NCIM5556.
Term Eﬀect Coeﬃcient T P
Constant – 15.40 157.35 0.00*
X1 6.54 3.27 33.42 0.00
*
X2 0.22 0.11 1.14 0.32
X3 5.18 2.59 26.49 0.00
*
X4 0.71 0.35 3.61 0.02
*
X5 0.97 0.49 4.97 0.01*
X6 4.94 2.49 25.23 0.00
*
X7 1.80 0.90 9.22 0.00*
R2 = 98.61% R2 (adj) = 99.57%
* Indicates signiﬁcant variables.
4 S. Shajahan et al.sequenced and the relevant details are provided in the supple-
mentary information. The 16S rRNA gene sequences of the
isolate was aligned with related species of the genus Bacillus
using CLUSTAL W (Roberts et al., 1994) which displayed
the existence of high homology ranging of 99% with the closest
relatives of with Bacillus licheniformis (Fig. 1). The 16S rDNA
sequence was submitted in GenBank (Accession No.
KC469614). The strain was submitted in NCIM, Pune (Acces-
sion No. NCIM 5556).
3.2. One variable at a time approach
Cellulase production has been inﬂuenced by several factors like
carbon, nitrogen source, inoculum size, temperature, pH value,
presence of inducers, and medium additives (Immanuel et al.,Please cite this article in press as: Shajahan, S. et al., Statistical modeling and optimiz
the hot spring, Maharashtra, India. Journal of King Saud University – Science (2012006). In this study, ﬁve carbon and ﬁve nitrogen sources were
evaluated for better cellulase production (Table S1 in supple-
mentary information).
Among ﬁve carbon sources, CMC showed signiﬁcant
improvement in cellulase production. In general, the cellulase
production was induced by CMC (Thakkar and Saraf, 2014).
This is expected and, for instance, Lucas et al. (2001) showed
that CMC was the desired substrate for endoglucanase pro-
duction. It was clearly evident from various researchers
reported that yeast extract shows signiﬁcant effect on cellulase
production (Li et al., 2008; Abou-Taleb et al., 2009). In this
study yeast extract also exhibited higher cellulase production
than with among other nitrogen sources. Abou-Taleb et al.
(2009) also stated that organic nitrogen (i.e., yeast extract)
was used to enhance cellulase production. CMC (14.27 IU/ation of cellulase production by Bacillus licheniformis NCIM 5556 isolated from
6), http://dx.doi.org/10.1016/j.jksus.2016.08.001
Table 3 Independent variables of selected parameters for RSM-Face centred central composite design.
Variables Levels
1 Level 0 Level +1 level
CMC (X1) (g/L) 5 12.5 20
CaCl262O (X2) (mg/L) 20 35 50
Tween-20 (X3) (mL/L) 1 2 3
Temperature (X4) (C) 37 42 47
Run no. Coded variables Cellulase activity (IU/mL)
X1 X2 X3 X4 Actual Predicted Residual
1 1 1 1 1 23.25 23.22 0.03
2 1 1 1 1 26.47 26.46 0.01
3 1 1 1 1 18.51 18.53 0.02
4 1 1 1 1 18.05 18.08 0.03
5 1 1 1 1 12.01 11.98 0.03
6 1 1 1 1 34.69 34.71 0.02
7 1 1 1 1 9.78 9.81 0.03
8 1 1 1 1 28.86 28.85 0.01
9 1 1 1 1 19.72 19.71 0.01
10 1 1 1 1 29.23 29.22 0.01
11 1 1 1 1 20.71 20.71 0
12 1 1 1 1 26.53 26.53 0
13 1 1 1 1 10.75 10.74 0.01
14 1 1 1 1 39.8 39.75 0.05
15 1 1 1 1 14.27 14.26 0.01
16 1 1 1 1 39.52 39.57 0.05
17 1 0 0 0 19.69 19.73 0.04
18 1 0 0 0 34.04 34.01 0.03
19 0 1 0 0 26.21 26.34 0.13
20 0 1 0 0 24.02 23.91 0.11
21 0 0 1 0 26.41 26.42 0.01
22 0 0 1 0 27.31 27.32 0.01
23 0 0 0 1 10.05 10.04 0.01
24 0 0 0 1 13.62 13.65 0.03
25 0 0 0 0 22.78 22.48 0.3
26 0 0 0 0 22.52 22.48 0.04
27 0 0 0 0 22.35 22.48 0.13
28 0 0 0 0 22.46 22.48 0.02
29 0 0 0 0 22.43 22.48 0.05
30 0 0 0 0 22.39 22.48 0.09
Statistical modelling and optimization of cellulase production 5mL) and yeast extract (12.59 IU/mL) supplemented media
resulted in high cellulase activity (Table S1 in supplementary
information) and these substrates were selected as optimum
medium constituents for cellulase production. The effects of
various metal ions in the form of salts on cellulase activity were
also evaluated. CaCl26H2O used media obtained higher cellu-
lase activity (13.10 IU/mL). Reports also revealed that metal
ion in the form of salt such as CaCl26H2O, provides protec-
tion to some enzymes against thermal denaturation and plays
an important role to stabilize the native forms at high temper-
atures (Aygan and Arikan, 2008). MnCl2.4H2O did not show
any effect on cellulase enzyme production. Such a similar trend
was also obtained and reported by Shahriarinour et al. (2013).
The impact of surfactants on cellulase activity was evaluated.
Modiﬁed BLM supplemented with Tween-20 media enhanced
the higher cellulase activity (13.08 IU/mL) (Matkar et al.,
2013) and other surfactants like Tween-80, and Triton X 100
were shown to reduce cellulase activity. Effects of various
pH on cellulase activity were evaluated using Modiﬁed BLMPlease cite this article in press as: Shajahan, S. et al., Statistical modeling and optimiz
the hot spring, Maharashtra, India. Journal of King Saud University – Science (201media. The highest cellulase production was obtained from
media at pH 6.5 (13.62 IU/mL) using modiﬁed media. Enzyme
activity was reduced at lower pH (4.5) and higher pH (9.5).
The effect of different temperatures on cellulase activity was
also studied. The highest cellulase activity was obtained at
temperature 42 C (13.80 IU/mL). Lower cellulase production
was observed at increased temperatures. Effect of different per-
centage of inoculum on cellulase activity was studied. Highest
cellulase activity was achieved at 5% (12.84 IU/mL) of
inoculum.
3.3. Plackett–Burman design
In order to screen the major inﬂuencing variables for the cellu-
lase production listed in Table 1, a two level fractional facto-
rial Plackett-Burman (PB) design was carried out. The PB
design consists of 12 runs and their corresponding cellulase
activities are given in Table 1. All the runs were carried out
in triplicates and the average values were reported. The effectsation of cellulase production by Bacillus licheniformis NCIM 5556 isolated from
6), http://dx.doi.org/10.1016/j.jksus.2016.08.001
Figure 1 Phylogenetic tree constructed using the neighbor-
joining method based on the 16S rDNA sequence of Bacillus
licheniformis NCIM 5556 and the sequences of representative
strains from GenBank. Bootstrap values (n= 1000 replicates) are
reported as percentages. The scale bar indicates the number of
changes per nucleotide position.
6 S. Shajahan et al.of each variable are shown in Table 2. Out of seven variables
CMC, Yeast extract, CaCl26H2O, Tween-20 and temperature
showed positive effects, whereas pH and inoculum size showed
negative effects. Correspondingly cellulase enzyme production
optimization was also reported (Annamalai et al., 2013;Table 4 Analysis of variables for cellulase activity (IU/mL).
Source SS df
Model 1803.53 14
X1 917.35 1
X2 26.60 1
X3 3.65 1
X4 58.61 1
X1X2 13.63 1
X1X3 379.96 1
X1X4 39.41 1
X2X3 6.31 1
X2X4 32.35 1
X3X4 5.16 1
X1
2 49.94 1
X2
2 18.06 1
X3
2 49.83 1
X4
2 293.29 1
Residual 0.16 15
Lack of Fit 0.04 10
Pure error 0.12 5
Cor total 1803.69 29
* Indicates signiﬁcant terms.
** Indicates not signiﬁcant terms.
Please cite this article in press as: Shajahan, S. et al., Statistical modeling and optimiz
the hot spring, Maharashtra, India. Journal of King Saud University – Science (201Thakkar and Saraf, 2014). From the half normal plot and
pareto chart (Figs. S3-a and S3-b (see supplementary informa-
tion)), it was clearly evident that the most signiﬁcant variables
were CMC followed by CaCl26H2O, temperature, inoculum
size, pH and Tween-20. All the variables were signiﬁcant
(probability p-value <0.05) (Table 2) except yeast extract
because its p-value was higher than 0.05 (p= 0.317). The fol-
lowing linear regression model (Eq. (3)) was developed based
on the experimental data in terms of actual values of the tested
variables, and validated by correlation coefﬁcient (R2). The R2
value was found to be 0.998, which indicates that there was
only 0.2% variation in the data that could not be explained
by the model (Table 2)
Y ¼ 12:687þ 0:436X1 þ 0:558X2 þ 0:173X3 þ 0:353X4
 0:487X5 þ 0:494X6  0:601X7 ð3Þ
Further optimization studies were carried out, considering
the most signiﬁcant variables such as CMC, CaCl262O, tem-
perature and Tween-20. Inoculum size and pH were kept at
a lower level (1) in the production medium since they exhib-
ited a negative effect. However, yeast extract showed very little
positive result, and hence it also was kept at a lower level in the
medium for further studies.
3.4. Response surface methodology
The FCCCD was used to ﬁnd the optimum conditions and to
study the interaction effects of CMC (X1), CaCl26H2O (X2),
Temperature (X3), and Tween-20 (X4) on the cellulase produc-
tion. The variables and their levels are given in Table 3. Based
on the FCCCD, 30 experiments were performed with four
independent variables at three levels (1, 0 and +1) (Table 3).
A quadratic non-linear polynomial equation (4) was developed
based on the experimental results and the independent vari-
ables in terms of actual values.MS F value Prob > F
128.82 11870.59 <0.0001*
917.35 84529.95 <0.0001*
26.60 2450.75 <0.0001*
3.65 336.70 <0.0001*
58.61 5400.53 <0.0001*
13.63 1256.37 <0.0001*
379.96 35011.60 <0.0001*
39.41 3631.20 <0.0001*
6.31 581.69 <0.0001*
32.35 2980.71 <0.0001*
5.16 475.87 <0.0001*
49.94 4602.16 <0.0001*
18.06 1664.60 <0.0001*
49.83 4591.69 <0.0001*
293.29 27025.22 <0.0001*
0.01
0.00 0.183 0.9888**
0.02
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Figure 2 Three dimensional response surface plots showing effects of variables and its interaction on cellulase activity. (a) CMC vs
CaCl262O; (b) CMC vs tween-20; (c) CMC vs temperature; (d) CaCl262O vs Tween-20; (e) CaCl262O vs temperature; (f) Tween-20 vs
temperature.
Statistical modelling and optimization of cellulase production 7Y ¼ 634:276 3:770X1  1:680X2  31:451X3
þ 34:700X4  0:008X1X2 þ 0:650X1X3 þ 0:042X1X4
þ 0:042X2X3 þ 0:019X2X4 þ 0:114X3X4 þ 0:078X21
þ 0:012X22 þ 4:386X23  0:426X24 ð4Þ
Model ﬁtness and its adequacy were examined by ANOVA
and Fisher’s F-test. The results are tabulated in Table 4. The
higher F-value for the model (11870.59) and lower probability
value (p< 0.05 at 95% conﬁdence level) indicates that the
model was signiﬁcant. Further, the higher F value revealed
that the maximum variation in the response (cellulase activity)
could be explained by the model equation. From Table 4, the
F-values are high as well as their probability p-values are less
than 0.05 for all the individual, interaction and square terms
of the variables, which implies that all the individual, interac-
tion and square effects of each variables were highly signiﬁ-Please cite this article in press as: Shajahan, S. et al., Statistical modeling and optimiz
the hot spring, Maharashtra, India. Journal of King Saud University – Science (201cant. Besides, an insigniﬁcant lack of ﬁt value (p> 0.05)
indicated that the model was a good ﬁt. However, the good-
ness of ﬁt can be further ensured by the determination coefﬁ-
cient (R2), predicted R2 and adjusted R2 (Haaland, 1989).
The determination coefﬁcient was found to be 0.9991 indicat-
ing that model 99.9% of experimental data were compatible.
Also, the high values of adjusted (0.99983) and predicted R2
(0.9998) indicated the high correlation between predicted and
experimental values. Signal to noise ratio can be measured
by adequate precision. The desirable value of adequate preci-
sion was considered to be greater than 4. In this study, the ade-
quate precision was found to be 406.503 which indicate a
satisfactory signal to noise ratio. Hence, the predicted model
can be used to navigate the design space. The coefﬁcient of
variation was found to be 0.454%, which revealed the reliabil-
ity and precision of the conducted experiments (Weisberg,
1985).ation of cellulase production by Bacillus licheniformis NCIM 5556 isolated from
6), http://dx.doi.org/10.1016/j.jksus.2016.08.001
Figure 3 Growth of Bacillus licheniformis NCIM 5556 and
cellulase production in bioreactor using optimized conditions
CMC, 19.21 g/L, CaCl262O, 25.06 mg/L, Tween-20, 2.96 mL/L,
and temperature 43.35 C. (j) Cellulase activity (IU/mL); (d)
Biomass estimation (OD at 600 nm).
8 S. Shajahan et al.For better understanding the interaction between the vari-
ables and their effects on the responses, three dimensional
response surface graphs were constructed (Fig. 2a–f). In these
3D graphs, cellulase activity was plotted on z-axis against any
two parameters, while other variables were kept at a constant
level, particularly at its centre level. The graphs are clearly
demonstrating a strong interaction between the independent
variables.
CMC is a crucial factor for the cellulase production. The
cellulase activity increases with CMC (Fig. 2a–c) at lower con-
centrations of CaCl26H2O, Tween-20 and at moderate tem-
perature. Incubation temperature is an important parameter
and exhibits a signiﬁcant effect on the cellulase production.
The effect of temperature on cellulase production was studied
in between 37 C and 47 C. Fig. 2c, e and f shows the effect of
temperature on cellulase activity. It is clearly observed that the
higher cellulase activity was obtained at 42 C. The cellulase
activity decreased with the higher concentration of calcium
chloride (Fig. 2d and e). The effect of Tween-20 concentration
was studied along with other parameters to check the activity
of cellulase as represented in Fig. 2b, d and f. The higher con-
centration of surfactant Tween-20, enhanced the oxygen trans-
fer rate of microorganism and resulted in increased cellulase
activity (Fig. 2b, d and f). Maximum cellulase activity was
obtained at the highest concentration of Tween-20 (3 mL/L).
Fig. S4a–b in supplementary information shows perturba-
tion plot and predicted vs actual cellulase activity plot respec-
tively. The curvature of each variable line in the perturbation
plot indicates the strong interaction between the independent
variables. As speciﬁed above, the higher values of R2 and pre-
dicted R2 showed a high correlation between predicted and
experimental values. This is also evident from the predicted
vs actual cellulase activity plot (Fig. S4b). Fig. S4b shows that
the experimental values were quite similar to that of the pre-
dicted values. From the analysis of response surface curves
the optimal conditions were found to be CMC, 19.21 g/L,
CaCl262O, 25.06 mg/L, Tween-20, 2.96 mL/L, and tempera-
ture 43.35 C. The cellulase activity was observed to be
40.88 IU/mL at the optimum conditions predicted by RSM.Please cite this article in press as: Shajahan, S. et al., Statistical modeling and optimiz
the hot spring, Maharashtra, India. Journal of King Saud University – Science (2013.5. Verification of the predicted model
Submerged fermentation was carried out to validate the opti-
mized conditions predicted by RSM. Fermentation was carried
out for 84 h and the sample was withdrawn at every 6 h inter-
val for the determination of cellulase activity and growth of the
strain. The cellulase activity was increased along with biomass
growth up to 72 h. The microorganism entered into the sta-
tionary phase after 72 h and hence resulted in a decrease in cel-
lulase activity (Fig. 3). The maximum cellulase activity was
found to be 42.99 IU/mL, which substantiated cellulase activ-
ity (40.88 IU/mL) predicted by RSM. RSM optimized media
produced the highest cellulase activity so far reported
(Rashid et al., 2009; Saravanan et al., 2012; Thakkar and
Saraf, 2014; Dave et al., 2015). Hence, Bacillus licheniformis
NCIM 5556 is a promising producer of cellulase compared
to previous studies (Acharya and Chaudhary, 2011, 2012)
and it can be utilized for enzyme production at an industrial
scale.
4. Conclusion
Cellulase producer Bacillus licheniformis was isolated from
samples of Unhale Hot spring water and soil sample. Culture
and its gene sequence were deposited in NCIM and GenBank
respectively. OVAT approach was used to select the variables
for cellulase production. Four out of seven signiﬁcant variables
were (CMC, CaCl26H2O, Tween-20, temperature) screened
through PB design. These four signiﬁcant variables were
further optimized through RSM based face centred central
composite design. The optimal conditions achieved by RSM-
FCCCD were experimentally validated. The cellulase produc-
tion was found to be increased by 3-fold with optimized media
as compared to unoptimized basal media. A comparative table
for the production of cellulase B. licheniformis is shown in
Table S2 (see supplementary information). Thus the media
and stain could be utilized for cellulase production at large
scale operations. However, further studies on enzyme puriﬁca-
tion and characterization would pave the way for an efﬁcient
cellulase for industrial applications.
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